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Abstract
Lytic polysaccharide monooxygenase (LPMO) enzymes have attracted considerable atten-
tion, owing to their ability to enhance polysaccharide depolymerization, making them inter-
esting in respect to production of biofuel from cellulose. The LPMOs are metalloenzymes
that contain a mononuclear copper active site, capable of activating dioxygen. However, many
details of this activation are unclear. Some aspects of the mechanism have previously been
investigated from a computational angle. Yet, these studies have either employed only molec-
ular mechanics (MM), which are inaccurate for metal active sites, or they have described only
the active site with quantum mechanics (QM) and neglected the effect of the protein. Here,
we employ hybrid QM and MM (QM/MM) methods to investigate the first steps of the LPMO
mechanism, which is reduction of of CuII to CuI and formation of a CuII–superoxide complex.
In the latter complex, the superoxide can bind either in an equatorial or an axial position. For
both steps we obtain structures that are markedly different from previous suggestions, based
on small QM-cluster calculations. Our calculations show that the equatorial isomer of the
superoxide complex is over 60 kJ/mol more stable than the axial isomer, being stabilized by
interactions with a second-coordination-sphere Gln residue, showing a possible role for this
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residue. Coordination of superoxide in this manner is in agreement with recent experimental
suggestions.
1 Introduction
Employing cellulose in biofuel production can make this advancing technology a highly compet-
itive alternative to fossil fuel. As a major component of biomass, cellulose is non-expensive and
the most abundant polysaccharide on earth.1 However, the application of cellulose in biofuel pro-
duction requires degradation of it into smaller sugars, which has shown to be a major obstacle,
requiring both hydrolytic enzymes and thermal work. This remarkable stability is caused by the
structure, involving very long glucan chains, which are comprised of glucose monomers, coupled
together by β -1,4 glycosidic linkages. The glucan chains interact with each other by an exten-
sive network of inter- and intra-molecular hydrogen bonds invovling the three hydroxyl groups
of each glucose monomer, which limits the accessibility of hydrolytic enzymes to the glycosidic
linkages.2,3
Lately, a class of fungal and bacterial enzymes called lytic polysaccharide monooxygenases
(LPMOs) have attracted considerable attention owing to their ability to enhance polysaccharide
depolymerization, thereby providing a route to efficient conversion of cellulose into fermentable
sugars.4–6 The first industrial applications have already been seen for ethanol production.7 Initially,
LPMO enzymes9,10 were assumed to be solely hydrolytic and were classified as belonging to the
glycoside hydrolase 61 (GH61) and carbohydrate-binding modules 33 (CBM33) families. Initial
reports questioning whether GH61 indeed were hydrolases occurred in 200811 and in 2010 Harris
et al.12 showed that a LPMO from the GH61 family significantly enhanced cellulase activity (a few
earlier reports are also known from the patent literature13,14). The exact role of the LPMOs was
demonstrated later in 2010 by Vaarje-Kolstad et al.15 who showed that a bacterial LPMO belonging
to the CBM33 family exhibited an oxidative mechanism. Importantly, these studies suggested
involvement of a metal, although the nature of this metal was not immediately elucidated. Yet, it
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Figure 1: Active site and putative mechanism of a fungal LPMO (bacterial LPMOs lack the axial
tyrosine residue, but are likely to work through a similar mechanism). The order of events (electron
transfer, substrate uptake and O2 coordination) is not clarified as suggested by the different possible
paths. Residue numbers refer to the enzyme from Thermoascus aurantiacus (PBD 2YET).8
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was clear that the LPMOs employed a common mechanism, different from traditional glycoside
hydrolases, and the enzymes are today reclassified as auxiliary activity enzymes AA9 (formerly
GH61) and AA10 (formerly CBM33).16 Quinlan et al.8 could from X-ray crystallography and
electron paramagnetic resonance (EPR) spectroscopy show that LPMOs employ copper in the
active site, which solved the initial confusion concerning the metal site.11,12,15 Later, several other
reports confirmed that both AA9 and AA10 enzymes contain a single copper ion.8,17–24
The active site of an AA9 enzyme is shown in 1, together with a putative mechanism.17 For
the resting state, 1, the first coordination sphere is distorted octahedral and comprised of a weakly
coordinated tyrosine, two water molecules and an unusual histidine brace comprised of two histi-
dine residues, coordinating through the imidazole group. One of these is the N-terminal residue,
which also coordinates through the terminal NH2 group,
8 as also seen in the particulate methane
monooxygenases.25 Notably, a peculiar methylation of this N-terminal histidine has been observed
in many fungal LPMO structures,8,11,26–29 although its role is unclear, as the non-methylated en-
zyme is also catalytically active.28,29
EPR spectroscopy8 have shown that 1 contains a CuII ion.30 The EPR spectra provide an
important complement to X-ray structures, because Cu is known to be photo-reduced in the X-
ray beam. In fact, it is likely that most LPMO crystal structures have contained a mixture of CuII
and CuI.4,5,29 The reduction gives rise to a lowering of the coordination number and many AA10
structures have been reported with an approximate T-shaped coordination environment indicating
that the metal site contains a CuI ion.4,21,31
The mechanism of the LPMOs is far from clarified and even the order of reduction, substrate
binding and O2 uptake is unknown, as is suggested by 1. A complicating factor is that there is
much sequence variation within the LPMO family32,33 and different LPMOs might employ slightly
different mechanisms. For instance, the axial tyrosine (Tyr175 in 1) is replaced by phenylalanine in
most AA10 LPMOs. Different mechanism could explain the differing substrate preferences among
the LPMOs: Fungal AA9 enzymes oxidize cellulose,8,12,17,18 whereas AA10 enzymes oxidize both
cellulose20,34,35 and chitin.15,20,34 Fungal LPMOs that break down chitin or starch have also been
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identified and are classified as AA1136 and AA13,37,38 respectively.
Apart from varying preferences with respect to substrate, LPMOs have also different regiose-
lectivity: Some oxidize only the C1 atom of the glycoside linkage, others oxidze only the C4 atom,
whereas still others can oxidize both C1 and C4. This has led to a sub-classification of the AA9
family, in that enzymes belonging to the LPMO type 1 subfamily are C1 specific, those belong-
ing to LPMO type 2 are C4 specific, and those belonging to LPMO type 3 oxidize both C1 and
C4.39 Bacterial LPMOs (AA10) were initially thought to be C1 specific15,20,35 until a C4 specific
counterexample was identified.34
While the insight gained from experimental studies has been paramount, it has often been com-
plemented by computational chemistry. For instance, the interaction between a fungal LPMO and
cellulose has been studied with molecular dynamics (MD) methods,29,40 whereas the structural
change upon CuII reduction (1→2 in 1) has been studied with X-ray diffraction and X-ray absorp-
tion, combined with density functional theory (DFT).31,41 The copper superoxide intermediate (3)
has also been the target of multiple combined theoretical and experimental studies and has played
a central role in mechanistic suggestions so far. This intermediate is believed to either directly
abstract a hydrogen from the substrate5 or function as precursor for a more reactive copper–oxyl
species that is involved in hydrogen abstraction.42
The coordination of O2 to Cu in 3 may give rise to two isomers, because there are two possible
coordination sites for O2 (although this complication has often been overlooked). One study
42
suggested that O2 binds in an axial position, trans to Tyr175, replacing W229 (cf. 1), whereas a
combined spectroscopic and computational study suggested that O2 instead binds equatorially,
41
replacing W230. However, each study investigated only one of the two isomers. Further, all
previous computation studies on LPMOs have been carried out with small models of the active
site,31,41,42 although it has been shown that the protein environment is crucial for accurate struc-
tures and energetics in studies on transition-metal enzymes.43–51
In this study, we investigate the reduction of the LPMO active site from 1 to 2, as well as the
two isomers of 3. We include the protein environment with the combined quantum mechanics and
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molecular mechanics (QM/MM) methodology.52–55 With our QM/MM protocol we can show that
the small cluster models of the active site employed previously can give rise to large errors in the
obtained structures.
2 Results
We start this section by discussing wheather our computational protocol can reproduce the ob-
served31,41 decrease in coordination number when CuII is reduced to CuI (Section 2.1). We then
proceed to discuss the O2 bound-states (Section 2.2).
2.1 Structural changes when the resting state is reduced
The optimised structures and selected Cu–ligand distances of 1 and 2 are shown in 2. The bond
distances are compared with computational results from the literature and with bond distances from
a number of crystal structures in 1.
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Figure 2: Structural changes upon reduction of 1 to 2. Both figures contain an overlay of struc-
tures obtained with the def2-SV(P) (transparent) and def2-TZVPD basis sets. The selected bond-
distances are for the def2-TZVPD basis set, with those of the def2-SV(P) basis set in parantheses.
The second-sphere Gln173 residue is also included.
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Table 1: Cu–ligand bond lengths (Å) for the active site of LPMO.
State Cu n (Spin) Cu−NεHis86 Cu−NHis1 Cu−NδHis1 Cu−OTyr175 Cu−OW229 Cu−OW230
1fixed Cu II (12 ) 2.02 2.07 1.98 2.80 2.28 2.11
1free Cu II (12 ) 2.03 2.03 1.99 2.34 2.83 2.03
1free,a Cu II (12 ) 2.02 2.02 1.97 2.48 3.00 2.06
1free,b Cu II (12 ) 2.04 1.98 2.02 2.47 2.96 2.07
142 Cu II (12 ) 1.99 2.08 1.99 3.08 - 2.33
131,c Cu I (12 ) 1.99 2.07 1.98 - 2.22 2.12
2fixed Cu I (0) 1.97 2.11 1.99 2.87 2.30 3.01
2free Cu I (0) 1.95 2.08 1.96 3.03 2.28 3.02
2free,a Cu I (0) 1.93 2.09 1.93 3.05 2.54 3.03
2free,b Cu I (0) 1.97 1.97 1.95 2.90 2.74 3.04
242 Cu I (0) 1.93 2.14 1.93 4.37 2.19 -
241 Cu I (0) 1.91 2.27 1.91 3.23 3.32 3.11
231,c Cu I (0) 1.98 2.18 1.98 - - -
2YET8 Cu I/II (0, 12 ) 2.32 2.10 2.43 2.80 2.65 2.23
3ZUD8 Cu I/II (0, 12 ) 2.03 2.20 1.91 2.92 2.89 -
4EIR27 Cu I/II (0, 12 ) 1.99 2.25 1.92 2.76 - 1.84
5ACF56 Cu I/II (0, 12 ) 2.06 1.88 2.16 2.47 - -
4ALC31,c Cu II (12 ) 1.97 2.12 1.99 - 2.21 2.19
4ALT31,c Cu I (0) 1.91 2.19 1.94 - - -
a Optimized with TPSS-D3/def2-TZVPD b Optimized with B3LYP-D3/def2-TZVPD.c This is
from an AA10 LPMO enzyme whose reduction in the X-ray beam has been carefully followed.
We start by discussing the results obtained with TPSS/def2-SV(P) and system 2 relaxed (en-
tries 1free and 2free in 1). Despite the reduction of the Cu ion, the three Cu−N bonds lengths do
not change by more than 0.08 Å, which emphasizes the fact that the active site is constructed to
accommodate both CuII and CuI. Further, the effect of reducing CuII to CuI is an elongation of
the Cu–O bonds of Tyr175 and the equatorial water molecule (W230) to 3.0 Å. Meanwhile, the
Cu–O bond to the other water molecule shortens from 2.8 to 2.3 Å. Thereby, the Cu ion becomes
essentially four-coordinated, rather than 5–6-coordinated (octahedral).
Considering these small differences in the Cu−N bonds lengths upon reduction, it is surprising
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that the calculated distances reproduce the distances in the starting crystal structure (2YET8) so
poorly: Those to the side-chain imidazole rings are 0.3–0.5 Å too short. We therefore, optimized
structures with the larger def2-TZVPD basis set, both with TPSS and B3LYP functionals. How-
ever, as can be seen in 1, this did not lead to any major changes in the Cu–N bond lengths. In
particular, those to the His side chains changed by less than 0.05 Å. Comparing with a range of
other crystal LPMO structures (also in 1) shows that the Cu–Nδ bonds in the 2YET are highly
untypical, being 0.3–0.5 Å too long. If we instead compare with the other crystal structures, the
calculated Cu–N bond lengths fall well within the range observed in the crystal structures, with
a maximum difference of 0.10 Å for the Cu–NHis1 in the oxidized state and 0.05 Å for the other
distances, compared to the average of the five crystal structures.
Comparing structures with the surrounding protein (system 2) fixed or free to relax (fixed or
free structures in 1) shows that there are only small differences for the reduced state 2 (up to 0.03
Å, except for the weak bond to Tyr175, which changes by 0.16 Å). However, for the oxidized
state (1), much larger changes are seen: The bond length to Tyr175 decreases from 2.80 to 2.34
Å, whereas that to the axial water molecule increases by almost the same amount, i.e. from 2.28
to 2.83 Å. This indicates that the crystal structure represents a predominantly reduced state (with
a long bond to Tyr175) and that fixing the junction at the Cβ atoms of Tyr175 is too restrictive to
model the full flexibility of this residue during the reduction. As will be discussed in Section 2.2,
it is also too restrictive to describe the distance in intermediate 3. Therefore, we generally expect
large differences for this bond distance when compared to various vacuum studies where it is cus-
tomary to fix Cβ to its initial location from the crystal structure, and this is indeed the case (as will
be discussed below). The Tyr175 residue has recently been speculated to have implications for the
LMPO mechanism56 and the Cu–O distances are therefore crucial, but it should also be remem-
bered that axial bonds in Cu complexes are weak and extremely flexible (i.e. the distance to Cu
can vary much at a minimal expense in energy).57–59 This is reflected in the rather large variation
of these bond lengths in the structures optimized with different basis sets and DFT functionals (up
to 0.5 Å) and in the various crystal structures (up to 0.7 Å) as can be seen in 1.
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Our structures for 1 and 2 are mostly in agreement with the results in previous computational
studies31,41,42 (also included in Table 1). The Cu–N distances agree, except that the Cu–NHis1
distance in the reduced state (2) is somewhat shorter (1.97–2.11 Å in our structures, compared
to 2.14–2.27 Å in the previous studies). All studies also suggest that the coordination number of
the Cu ion decreases when it is reduced, as expected. However, the various studies differ in their
predictions regarding which of the three prospective O ligands bind and at what distance. For the
oxidized state (1), all studies agree that the equatorial water molecule binds strongly, although the
Cu–O distance is ∼0.2 Å longer in the study of Kim et al.42 than in the other studies. Both Kim et
al.42 and Gudmundsson et al.31 also suggested that the second water molecule coordinates to Cu
(although Ref. 42 does not report the bond distance to the axial water molecule) in agreement with
our result with a fixed surrounding. However, when we allow the protein to relax, we instead find
that Tyr175 coordinates weakly to Cu, whereas the axial water molecule practically dissociates.
For the reduced state (2), all studies agree that both Tyr175 and the equatorial water molecule
effectively dissociate. However, for the axial water molecule, the results differ. Kim et al.42
suggested that it binds rather strongly at a Cu–O distance of 2.19 Å, whereas the other two studies
indicated that it also dissociates.31,41 Our results are intermediate: With the def2-SV(P) basis set,
we obtain a rather short Cu–O bond of ∼2.2 Å. However, with the larger def2-TZVPD basis set,
and especially with the B3LYP functional, the Cu–O bond becomes appreciably longer, 2.54 and
2.74 Å, respectively.
Clearly, this reflects the flexibility of weak Cu–O bonds, as mentioned above.57–59 These bond
lengths are determined more by interactions with the surrounding protein than by the Cu–O interac-
tion. Therefore, it is likely that our QM/MM results, with an explicit account of the surroundings,
give the more accurate results. However, it is clear that these bonds are sensitive to the theoretical
treatment, as our results indicate and as has been pointed out before.41
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2.2 The copper–superoxide intermediates
Next, we discuss the nature of the CuII–superoxide adduct, 3. It is expected to form through the
binding of O2 to the reduced active site (cf. 1). As mentioned above, there are two possible
isomers (3eq or 3ax) of this complex, depending on whether O2 replaces the equatorial or the axial
water molecule. In variance to the previous studies, we have studied both isomers. The optimized
structures and selected bond-distances of the two isomers are shown in 3 and 2, whereas the energy
difference between them is shown in the upper part of 3.
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Figure 3: Comparison of the axial and equatorial isomers of 3, showing also the Gln173 residue
that can interact with O–2 . The structures were optimised in the triplet states (S = 1) with the
TPSS-D3 functional and the def2-SV(P) basis set. The corresponding bond lengths are shown in
2.
Our results clearly show that the equatorial isomer is most stable. The QM/MM calculations
predict an energy difference of 68 kJ/mol. This is in agreement with the observation in the previous
section that the equatorial water molecule effectively dissociates when the oxidized enzyme is
reduced, providing a free coordinate site to the O2 molecule. The point charges, representing
the environment, give a contribution of 15 kJ/mol (the difference between ∆EQM+ptch and ∆EQM).
The electrostatic contribution from the protein is thus non-negligible, yet not very large. The
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Table 2: Cu–ligand bond lengths (Å) for the active site of LPMO. The results were obtained with
the TPSS-D3 functional and the def2-SV(P) basis set, unless otherwise specified. The Cu−OW
distance corresponds to Cu−OW229 for 3eq and Cu−OW230 for 3ax.
Method Spin Cu−NεHis86 Cu−NHis1 Cu−NδHis1 Cu−OTyr175 Cu−O2 Cu−OW
3fixedeq S= 1 2.06 2.15 2.01 2.89 2.04 2.24
3freeeq S= 1 2.06 2.13 2.00 2.84 2.04 2.29
3free,aeq S= 1 2.06 2.12 2.00 2.94 2.01 2.40
3free,beq S= 1 2.08 2.11 2.01 2.84 1.99 2.46
Ref. 41 S= 1 1.98 2.09 1.97 3.35 1.98 3.76
3fixedeq S= 0 2.06 2.15 2.01 2.87 2.02 2.24
3freeeq S= 0 2.06 2.12 2.00 2.82 2.03 2.30
3fixedax S= 1 2.31 2.05 2.15 2.58 2.09 2.10
3freeax S= 1 2.11 2.02 2.05 2.73 2.29 2.03
Ref. 42 S= 1 1.98 2.18 1.98 3.82 1.96 2.33
3fixedax S= 0 2.31 2.04 2.14 2.57 2.10 2.08
3freeax S= 0 2.08 2.03 2.03 2.71 2.30 2.02
Ref. 42 S= 0 1.98 2.16 1.98 3.80 1.96 2.30
a Optimized with TPSS-D3/def2-TZVPD b Optimized with B3LYP-D3/def2-TZVPD.
Table 3: Energy difference ∆E = E(3ax)−E(3eq) and spin-state splittings ∆E = ES(3)−ET (3) in
kJ/mol. ∆EQM/MM and ∆EQM+ptch are defined in Eq. 1 and ∆EQM/MM = EMM123−EMM1 from the
same equation. EQM is the energy of the QM system, without any point-charge model. Ebig-QM is
the big-QM energy. All energies were calculated or extrapolated (∆Ebig-QM) with the def2-TZVPP
basis set on structures optimized with QM/MM using the def2-SV(P) basis set. In ∆Ebig-QM, 10.8
kJ/mol (3free) or −1.3 kJ/mol (3freeeq ) of the total energy is a correction obtained as the difference
between def2-TZVPP and def2-SV(P) calculations on the QM systems in 6.
State Func Spin ∆EQM/MM ∆EQM+ptch ∆EQM ∆EMM ∆Ebig-QM
3fix TPSS-D3 S= 1 63.4 76.5 74.9 −4.4 -
3free TPSS-D3 S= 1 67.8 51.0 65.5 −14.6 87.7
3freeax TPSS-D3 S= 1,0 4.2 5.4 2.7 −1.2 -
3freeax B3LYP-D3 S= 1,0 −0.7 0.8 2.8 −1.2 -
3freeeq TPSS-D3 S= 1,0 12.5 10.6 14.0 2.0 10.5
3freeeq B3LYP-D3 S= 1,0 13.2 11.2 16.5 2.0 -
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contributions from the MM force field is of a similar magnitude, but of an opposite sign, and
accordingly the vacuum result (∆EQM) is close to the QM/MM result (∆EQM/MM). We additionally
carried out a big-QM calculation that included all residues within 5 Å of the active site. This
gave an energy difference of 77 kJ/mol with the def2-SV(P) basis set. An estimate of the effect
of increasing the basis set size to def2-TZVPP can be obtained from the difference between def2-
SV(P) and def2-TZVPP for the smaller QM system. This effect is 11 kJ/mol, resulting in the total
difference of 88 kJ/mol given in 3.
It should be noted that the protein significantly influences the structures. As for the resting
states 1 and 2, previous computational studies on 3 imposed restrictions during the structure opti-
mization (by freezing selected atoms) to mimic this protein effect. We compare both isomers with
previous calculated results in 2 and in both cases we find that the structures differ significantly.
In particular, we find large differences in the Cu−O distance to Tyr175, although it is long in all
structures (2.57–2.94 Å in our structures, but 3.35–3.82 Å in the previous studies, see Refs. 41,42).
Both CuII and O–2 have one unpaired electron. These two electrons can either couple ferromag-
netically in a triplet state or antiferromagnetically in a singlet state. We have studied both states
and it can be seen from 2, that the structures for the two spin states are almost identical. The energy
differences between the two spin states are reported in the lower part of 3. For 3eq., the triplet is
most stable. The energy difference is 13 kJ/mol, both with the TPSS and B3LYP functionals, and
the big-QM result is only 2 kJ/mol lower. This is in reasonable agreement with 19 kJ/mol ob-
tained in a previous study,41 which is remarkable considering the large differences in the obtained
structures.
For the axial isomer, the singlet–triplet energy splitting calculated with the QM region and a
point-charge model of the environment (∆EQM+ptch) are 5 kJ/mol for TPSS and 1 kJ/mol for B3LYP,
which means that the two spin states are essentially degenerate. In fact, adding the MM energy of
−1 kJ/mol (giving ∆EQM/MM) is enough to make the singlet the ground state at the B3LYP level.
Thus it is not possible to settle which of the two spin states is most stable for the axial isomer
within the accuracy of current methods. Our spin-splitting energy estimates for 3ax are somewhat
12
lower than the 19 kJ/mol that was obtained in the study by Kim et al.42
3 Discussion
Both spectroscopic, crystallographic and computational studies have suggested that the reduction
of 1 to 2 is accompanied by a decrease in the coordination number of the Cu atom. This is con-
firmed in our calculations, but the individual structures for 1 and 2 are rather different from those
obtained in previous computational studies that have neglected the protein environment. We can
confirm a previous suggestion that large basis set are required before a significant bond elongation
of the axial water molecule (W229) is obtained. However, even with large basis sets, we find that
this water molecule is still weakly coordinated. We also find large differences in our structures of
3 compared to previous calculations on smaller active site models. Here we highlight that 3eq is
not four-coordinate, as has been suggested;5 instead, our structures indicate that the axial water
molecule remains coordinated to the Cu ion, although with a rather long distance (2.24–2.46 Å),
the length of which is sensitive to the DFT method and the basis set (cf. 2).
In most suggestions for the reaction mechanism of LPMOs, the substrate has been hydroxylated
at either C1 or C4,5,17,18,42 starting with a hydrogen abstraction from the substrate. The Cu–
superoxide complex, [Cu IIO2]
+, is involved either by directly abstracting a hydrogen atom from
the substrate17,18 or as precursor for an Cu–oxyl radical, which then abstracts the hydrogen.42
The fact that the superoxide can have both axial and equatorial isomers has not been considered
in any quantitative studies, although it was noted by Beeson et al.,5 who suggested that the axial
isomer would be unstable, based on a Jahn–Teller distortion argument. Our calculations show
that the axial isomer is stable, but they also confirm and quantify that the the axial isomer is
significantly less stable than the equatorial one (the difference is more than 60 kJ/mol). There are
two sources of stabilization of the equatorial isomer. One is that the equatorial isomer is stabilized
by interactions between the superoxide and the second-coordination-sphere Gln173 residue (2.24
Å away), showing a possible role for this highly conserved residue (cf. 3). Another source is
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that the equatorial coordination of O–2 provides better possibility for pi-interaction with the Cu 3d-
orbitals. The involved orbitals for 3eq are shown in 4, and more extensive molecular orbital plots
for 3eq. and 3ax. are shown in Figures S1 and S2 in the supporting information. From these figures
it can be seen that stabilizing dpi -Opi interactions are completely absent for 3ax.
259 273
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Figure 4: Pair of molecular orbitals for 3eq, involved in the Cu 3dpi–Opi interaction with the O–2 pi
orbitals.
Mechanistic insight has so far been hampered by the lack of crystal structures including a
bound substrate, which is difficult to obtain owing to the low solubility of cellulose and chitin.
However, very recently LPMOs that target smaller (soluble) oligosacharides as substrates have
been discovered and a crystal structure for a (C4 specific) LPMO complexed with cellotriose and
cellohexose have been reported.56 In the LPMO–oligosacharide complex, a Cl– ion occupies the
equatorial binding site and it is suggested that this is the binding site of O2, in agreement with our
results. Note however, that the LPMO reported in Ref. 56 has a rather different protein scaffold
compared to the protein investigated here, and the inclusion of substrate can therefore not be carried
out by simple means (e.g. overlaying Cα -atoms). In this study, we have rather employed a protein
that is either identical or bears close resemblence to those used in previous computational studies,
and we can thus more directly compare the computational approaches. The large differences in the
obtained structures compared to previous computations strongly indicate that an inclusion of the
protein matrix is pivotal. Although the binding of the substrate may affect the active site, the large
energy difference between axial and equatorial isomers found here indicates that the equatorial
superoxide adduct is the active species or a precursor. Finally, we should emphasize that we cannot
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at present state rule out that the active species is a Cu–oxyl complex as suggested in Ref. 42.
4 Conclusion
We have presented the first QM/MM calculations on a LPMO enzyme, based on the AA9 enzyme
from Thermoascus aurantiacus. We investigated the resting state (1), its reduced form (2) and
the Cu–superoxide complex (3). For all intermediates, the calculated structures are significantly
different from those obtained in previous computational studies where the protein environment
was neglected. For 3, there exist two possible isomers, and in this study we have found that one of
these (with an equatorial O–2 ligand) is much more stable than the other (more than 60 kJ/mol). Our
further studies on the LPMO mechanism will therefore focus on this intermediate, or intermediates
derived from this. Moreover, our future studies will also include the LPMO–substrate complexes,
employing the same QM/MM computational protocol as employed here. This will allow us to
investigate the reactivity of both the superoxide intermediate (3) and Cu–oxyl complexes.
5 Computational Methods
5.1 Protein setup
The starting coordinates where taken from the 1.5 Å resolution X-ray structure from Thermoascus
aurantiacus, which belongs to the fungal LPMO (type 3) family.5,8 This structure shows the protein
in the resting state, possibly with a partly reduced active-site Cu ion. The structure is deposited
in the protein data bank (2YET) and was also employed in a previous computational study.42 The
structure is a dimer that contains 462 amino acids and 625 crystal water molecules, amounting to
4199 atoms in total. Here, we consider only the monomer (chain A) and the paper refers to chain
A, unless explicitly specified.
The crystal structure contains eight amino acids with alternative conformations, namely Asp10,
Met25, Ser26, Asn27, Leu41, Ser117, Gln167 and Lys214. We selected the conformation with
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highest occupation or the first conformation if they had the same occupation numbers. Hydrogen
atoms were added using the Maestro protein preparation tools.60 For the titratable residues (2
arginine, 5 lysine, 7 histidine, 14 aspartate and 5 glutamate residues) the Maestro program employs
the PROPKA program61 to estimate pKa values. The individual residues were visually inspected
and their solvent exposure and hydrogen-bond network were assessed. In this study, all Arg and
Lys were protonated (+1) whereas the Asp and Glu residues were in their carboxylate forms (−1).
The His residues have two possible protonation sites and in the following, we denote his-
tidines as HIE (Nε2 protonated), HID (Nδ1 protonated) or HIP (both nitrogens protonated). The
first (N-terminal) histidine is a special case because the imidazole ring is methylated on the Nε2
atom, whereas Nδ1 coordinates to the Cu ion. For the remaining histidine residues, we employed
the protonation states HIE57, HID86, HIP87, HID158, HIP164 and HIP201. The Nδ1 atom of
HIE57 receives a hydrogen bond from the backbone NH group of Arg58, HID86 coordinates to
Cu through Nε2, HIP87 forms a salt-bridge from Hδ1 to the carboxylate group of Asp132 and a
hydrogen bond to a crystal water through Hε2. HID158 forms a hydrogen bond to the carbonyl
oxygen of Asn92 through Hδ1, whereas the Nε2 atom accepts a hydrogen bond from the side-chain
indole NH group of Trp79. HIP164 and HIP201 are solvent exposed on the surface of the protein.
With this charge assignment, the total charge of the protein in the resting state (1) was −7.
The protein contains four cysteine residues that are cross-linked by disulfide bridges in the
pairs Cys56–Cys178 and Cys97–Cys101. The carboxy-terminal residue Gly228 was missing from
the X-ray analysis and it was left out from the calculations. The X-ray structure contained one
glycerol and four acetate molecules, which were all removed.
5.2 RESP charges
Restrained electrostatic potential (RESP) charges for the metal center and its first coordination
sphere were obtained by fitting to the electrostatic potential (ESP). The employed structure was
taken from the protein (see 5; it includes all ligands coordinating to the Cu ion in any of the
studied complexes) and only hydrogen atoms were optimized, employing the TPSS functional62
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together with a def2-SV(P) basis set.63,64 All calculations in this section were carried out with a
development version of Turbomole 7.065 (modified to write out the ESP points). The ESP points
were sampled with the Merz–Kollman scheme66,67 using default radii for all atoms67 and 2.0 Å
for Cu.68 They were employed by resp program (a part of the AMBER69 package) to calculate the
RESP charges.
Figure 5: Structure used to obtained RESP charges.
5.3 Equilibration
The system described in Section 5.1 was equilibrated by simulated annealing with the AMBER69
software. The protein was immersed in a sphere of TIP3P water molecules with a radius of 40
Å, generated by the tLeAP program in the AMBER suite. Heavy atoms in the protein and crystal
water molecules were kept fixed at their crystal-structure positions. During the first 200 ps, the
system was heated up to 370 K. This was followed by cooling from 370 K to 0 K over 400 ps.
The temperature was regulated with the Berendsen thermostat70 using a time constant that varied
during the simulation: 0.2 ps during the first 200 ps, 1.0 ps during the next 200 ps, 0.5 ps during
the following 100 ps and 0.05 ps during the last 100 ps, leading to a total simulation time of 600
ps. The simulations used a time step of 0.5 fs. Finally, the system was subjected to a 10000-step
minimisation.
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5.4 QM/MM calculations
The equilibrated system (Section 5.3) was employed in QM/MM calculations, employing the
COMQUM program.71,72 This program combines the QM software Turbomole 7.065 and the MM
program AMBER 14.69 In COMQUM, the simulated system is divided into three subsystems, la-
beled systems 1, 2 and 3. System 1 is described with a QM method (here DFT). Systems 2 and
3 are both described with an MM force field. System 2 is defined as all atoms within 6 Å of any
atom in system 1. In the following, we use the label “free” for calculations in which the coordinates
of atoms in system 2 are optimized. In calculations labeled “fixed” these are kept fixed. System
3 contains the remaining protein and solvent atoms and are always kept fixed at the equilibrated
structure. When there is a bond between systems 1 and 2 (a junction), the hydrogen link-atom
approach was employed: The QM region was capped with hydrogen atoms (hydrogen link atoms),
the positions of which are linearly related to the corresponding carbon atoms (carbon link atoms)
in the full system.73,74
The total energy of the system is calculated as
EQM/MM = EQM+ptch +EMM123−EMM1. (1)
EQM+ptch is the QM energy of system 1, including hydrogen link atoms and a point-charge model
of systems 2 and 3 (with point charges taken from the Amber force field and excluding only the
carbon link atoms).44 EMM123 is the total MM energy of the full system (but with the charges of
the QM system zeroed) and EMM1 is the MM energy of system 1 (still with zeroed charges).
In our study, we focused on the three states 1, 2 and 3 in 1. For 3 we considered two possible
isomers with the superoxide ion binding in either the axial or the equatorial position, denoted 3ax
and 3eq. Both isomers of 3 may attain either a triplet state or an antiferromagnetically coupled
(open-shell) singlet state. The latter was calculated as a broken-symmetry state.75
The QM region always included the first coordination sphere i.e. the imidazole ring of His86
and the phenol ring of Tyr175, both capped with a hydrogen atom (replacing Cα ). The whole
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Figure 6: The QM systems employed for 1, 3ax and 3eq. Model 2 employed the same QM system
as 1 (but with a reduced copper ion) and the same QM system is employed for triplet and singlet
variants of 3.
terminal histidine residue was included, as well as parts of the next amino-acid (Gly2; junction at
the carbonyl C atom). The QM regions are shown in 6.
For both isomers of 3, we included two solvent molecules in the QM region, in addition to
the water molecule coordinating to CuII. This decision was made based on initial calculations, in
which they were absent. The initial calculations showed that the energy difference between the
isomers were dominated by van der Waals energy from the MM calculations (amounting to over
80 kJ/mol). By decomposing the energy into contributions from individual residues, it was shown
that the large change in van der Waals energy almost exclusively was caused by two solvent water
molecules. To shift this large energy contribution to the more accurate QM part of the energy, we
decided to include these two solvent molecules in the QM system. As expected, this lowered the
energy change associated with the MM part to around 17 kJ/mol.
In our initial setup, we noted that the side chain of Gln173 was flipped by the Maestro prepa-
ration tools. It is located in the second coordination sphere at hydrogen-bonding distance of both
Tyr175 and one of the Cu-bound water molecules (2.7–2.8 Å distance between the heavy atoms).
Therefore, we decided to perform an optimization both in the flipped (1a) and original (1b) confor-
mation. The latter conformation was employed in the study by Kim et al.42 which was performed in
vacuum, but included parts of the second coordination sphere. In conformation 1b and the crystal
structure, the side-chain carbonyl group of Gln173 can receive a hydrogen bond from the Tyr175
OH group and another from the Cu-bound water molecule. In the other conformation, the side-
chain NH2 group instead donates a hydrogen bond to Tyr175, but it cannot donate any hydrogen
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bond to the water molecule. Therefore, 1b is favored by about 30 kJ/mol, even when calculated on
a structure equilibrated for the 1a state where the hydrogen bonding networks around the Gln173
NH2 group are somewhat unfavorable for 1b. We will therefore focus on the conformation in 1b
from this point on. To ensure that the hydrogen network around the Gln173 NH2 was sufficiently
relaxed, the structure was re-equilibrated, and the QM/MM optimization of 1 was carried out from
this re-equilibrated structure. Starting structures for 2 and 3 were built from 1, by reducing the
charge of the QM region (2) and replacing W229 (3ax) or W230 (3eq) with O2.
The structure optimizations employed the def2-SV(P) basis set,63,64 and the dispersion-corrected
TPSS-D3 functional62,76 with Becke–Johnson damping.77 All reported energies are obtained from
these structures by single-point calculations with the more accurate def2-TZVPP basis set63 and
including the entire protein (Systems 2 and 3), represented by point charges (the effect of increas-
ing the basis set is usually around 1 kJ/mol for energy differences). In the case of 3, we also tried
the B3LYP/def2-TZVPP combination (with the same structures). It has previously been empha-
sised that basis sets of at least triple-zeta quality are required to model the structure of 2.41 For
states 1, 2 and 3eq we therefore probed the quality of the TPSS-D3/def2-SV(P) structures by in-
creasing the basis set to def2-TZVPD or replacing the TPSS-D3 functional with B3LYP-D3.78–80
For both 1 and 2, the basis-set effect is significant for the Cu−O bonds (as we will discuss in more
detail in Section 2). For 3, the effect is smaller, and here def2-SV(P) basis set is sufficient to obtain
reliable QM/MM structures.
It should be emphasized that relaxation of system 2 was found to have a significant influence on
the obtained structure, also within the first coordination sphere. Consequently, we have in general
focused on the results obtained with a relaxed system 2. The effect of relaxing system 2 is shortly
discuss for intermediates 1 and 2 in Section 2.1. Otherwise, results with a fixed system 2 are
included in the Tables for comparison, but not thoroughly discussed.
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5.5 Big-QM calculations
The use of a point-charge model for the environment can be somewhat inaccurate and for other
metalloenzymes it has been advocated to improve the QM/MM energies with single-point energy
calculations with larger QM systems based on the QM/MM optimized structures.45,46 Following
Refs. 45,46 we have therefore defined a large QM system comprised of all residues within 5.0 Å
of the active site shown in 1. In addition, junctions were moved at least three residues away from
the active site and we included the only two buried charged residues in the protein, Arg157 and
Glu159, which form a salt bridge, rather close to the active site (Glu159 was actually included
already with the 5 Å criterium). The total system had a charge of +3 and was comprised of 628
atoms. Around this system we employed a conductor-like screening model (COSMO)81 with a
dielectric constant of ε = 4.0. The calculations employed the TPSS method and the def2-SV(P)
basis set, based on structures obtained with the same specifications (note that this is sufficient for
3, as described in previous section). The big-QM energy was enhanced with a DFT-D3 dispersion
correction, calculated for the same big-QM region with Becke–Johnson damping, third-order terms
and default parameters for the TPSS functional. Finally, the energies were extrapolated to the def2-
TZVPP basis set using two QM calculations on the normal QM system.
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1 Coordinates for optimised structures
Coordinates for structures of 1, 2 and 3 (all with protein "free") are given below.
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Cu rest state (1) TPSS-D3/def2-SV(P); Energy=-3169.58248468946
N 1.8469642 -12.3296119 -2.7479741
H 1.4433474 -11.5072242 -2.2679424
H 1.2081462 -12.5401947 -3.5381929
C 3.1279736 -11.9299209 -3.3706337
H 3.7279360 -11.4201661 -2.6056435
C 3.8985958 -13.1821511 -3.8317212
H 3.2045756 -13.9120662 -4.2895438
H 4.6446384 -12.9083600 -4.5918828
C 4.5926935 -13.7141658 -2.6177426
N 3.9130962 -13.8275617 -1.4100055
C 4.8223496 -14.0849295 -0.4664342
H 4.6261972 -14.2355491 0.5929180
N 6.0604017 -14.1463371 -1.0105872
C 7.3100571 -14.3873992 -0.2850745
∗To whom correspondence should be addressed
S1
H 7.9710222 -13.5128431 -0.3950692
H 7.0758899 -14.5460490 0.7784749
H 7.8056983 -15.2830565 -0.6964442
C 5.9304940 -13.9237933 -2.3713437
H 6.7812014 -13.9295153 -3.0457323
C 2.7620395 -10.9335152 -4.4742889
O 1.8677970 -11.2401210 -5.2851186
N 3.3970727 -9.7647783 -4.3610543
H 4.1314678 -9.6663177 -3.6472305
C 3.2047868 -8.6566228 -5.2754040
H 3.7499058 -8.8811998 -6.2160600
H 2.1318171 -8.6063797 -5.5433467
H 3.5511220 -7.6984189 -4.8559565
H -4.4228467 -13.3699415 -1.8636026
C -3.5444771 -12.8198880 -2.2829300
H -3.7550834 -12.6050971 -3.3465505
H -3.4563048 -11.8642041 -1.7475947
C -2.2480717 -13.5555373 -2.1033464
N -1.9889377 -14.8854268 -2.4333816
H -2.6439287 -15.5801618 -2.8214710
C -0.6764117 -15.1493158 -2.1955498
H -0.2134313 -16.1191132 -2.3806093
N -0.0781229 -14.0643719 -1.7086161
C -1.0363755 -13.0701168 -1.6440515
H -0.8024426 -12.0631925 -1.2923141
H 1.4234414 -5.9841481 0.8697539
C 1.1474113 -6.5968487 -0.0477521
H 0.0985976 -6.3480266 -0.2977343
H 1.7839870 -6.2522172 -0.8834307
C 1.2983557 -8.1010116 0.1331168
C 0.3454855 -8.8675941 0.8394274
H -0.5197862 -8.3777014 1.2997666
C 0.4295764 -10.2660764 0.9193708
H -0.3466824 -10.8259484 1.4490290
C 1.5037350 -10.9398574 0.3172732
O 1.6451019 -12.3209588 0.3482282
H 1.1332106 -12.7663878 1.0897464
C 2.4640582 -10.1960049 -0.3868148
H 3.3158615 -10.7055239 -0.8451216
C 2.3460022 -8.8019347 -0.4952067
S2
H 3.0868424 -8.2604564 -1.0940322
Cu 1.9214619 -13.8488162 -1.4020947
O 2.4264952 -16.2087231 -2.8848017
H 3.3661276 -16.3598174 -3.1741932
H 1.8695417 -16.6888577 -3.5493818
O 1.8560521 -15.6530266 -0.4270841
H 2.1193085 -16.1645092 -1.2706669
H 2.5876309 -15.8223979 0.2223756
62
Cu rest state (1) TPSS-D3/def2-TZVPD; Energ y = -3171.43914365641
N 1.8324466 -12.3373557 -2.6824422
H 1.4517910 -11.5367226 -2.1689483
H 1.1924336 -12.5027349 -3.4703195
C 3.1109828 -11.9221030 -3.3072604
H 3.7088011 -11.4229397 -2.5482558
C 3.8797659 -13.1631204 -3.7920675
H 3.1919162 -13.8768703 -4.2569163
H 4.6151746 -12.8782750 -4.5422411
C 4.5708407 -13.7069655 -2.5897563
N 3.8845831 -13.8428687 -1.3885759
C 4.7921217 -14.1007412 -0.4451272
H 4.5971210 -14.2729340 0.5983639
N 6.0259971 -14.1406763 -0.9852825
C 7.2745042 -14.3829728 -0.2576262
H 7.9428855 -13.5358268 -0.4030535
H 7.0438844 -14.4968032 0.7996261
H 7.7418368 -15.2930315 -0.6353330
C 5.9007938 -13.9022699 -2.3408861
H 6.7478433 -13.8867187 -3.0012755
C 2.7335783 -10.9261527 -4.3958566
O 1.8174777 -11.2353072 -5.1849274
N 3.3804702 -9.7715152 -4.3044761
H 4.1216414 -9.6887597 -3.6084892
C 3.1821739 -8.6552186 -5.2078698
H 3.6984221 -8.8842731 -6.1492451
H 2.1167527 -8.5959830 -5.4524256
H 3.5397849 -7.7122130 -4.7994223
H -4.4115477 -13.4202406 -1.8576020
S3
C -3.5298457 -12.8863723 -2.2651870
H -3.7278479 -12.6750830 -3.3180825
H -3.4348200 -11.9428032 -1.7350808
C -2.2402838 -13.6271047 -2.0747593
N -1.9746034 -14.9548602 -2.4023264
H -2.6205902 -15.6559061 -2.7717990
C -0.6640027 -15.2102413 -2.1666118
H -0.2014138 -16.1671415 -2.3489107
N -0.0703144 -14.1230453 -1.6857673
C -1.0386164 -13.1352624 -1.6240432
H -0.8116526 -12.1361592 -1.2845273
H 1.4196020 -5.9053769 0.9033237
C 1.1417294 -6.5118846 -0.0058788
H 0.1054458 -6.2635473 -0.2511592
H 1.7731817 -6.1774304 -0.8323069
C 1.2855600 -8.0140251 0.1755153
C 0.3402002 -8.7725301 0.8840737
H -0.5113290 -8.2845081 1.3455951
C 0.4196911 -10.1637775 0.9632179
H -0.3464294 -10.7142412 1.4956716
C 1.4807684 -10.8358299 0.3556425
O 1.6279153 -12.2203035 0.3945516
H 1.1195877 -12.6548768 1.1230476
C 2.4307878 -10.1013723 -0.3559634
H 3.2707353 -10.6052489 -0.8184196
C 2.3191578 -8.7130299 -0.4582072
H 3.0480482 -8.1769360 -1.0568928
Cu 1.9152197 -13.8962450 -1.4073737
O 2.4797948 -16.3747144 -2.9947568
H 3.3941213 -16.5420302 -3.3080374
H 1.9018336 -16.8368215 -3.6320671
O 1.8902399 -15.7454698 -0.5052800
H 2.1693894 -16.2444192 -1.3286972
H 2.6075549 -15.9133161 0.1402913
62
Cu rest state (1) B3LYP-D3/def2-TZVPD; Energy = -3170.35495089520
N 1.8234746 -12.3680849 -2.7053875
H 1.4087166 -11.5644343 -2.2349587
S4
H 1.2043436 -12.5775863 -3.4917734
C 3.0977993 -11.9368521 -3.3167479
H 3.6781574 -11.4276987 -2.5558952
C 3.8935888 -13.1601377 -3.7839340
H 3.2313922 -13.8824588 -4.2658601
H 4.6317288 -12.8616038 -4.5229521
C 4.5803384 -13.7039209 -2.5827502
N 3.8986673 -13.8536753 -1.3865000
C 4.8041015 -14.1141165 -0.4508695
H 4.6119145 -14.2937292 0.5896720
N 6.0314115 -14.1446885 -0.9889370
C 7.2769116 -14.3876677 -0.2726159
H 7.9392572 -13.5359139 -0.4009389
H 7.0574278 -14.5229168 0.7821083
H 7.7546348 -15.2839108 -0.6629191
C 5.9052103 -13.8985079 -2.3382237
H 6.7471909 -13.8728898 -3.0006672
C 2.7359193 -10.9483579 -4.4081344
O 1.8328392 -11.2589363 -5.1987259
N 3.3778818 -9.7979560 -4.3222248
H 4.1074071 -9.7043739 -3.6214325
C 3.1836697 -8.6880521 -5.2243104
H 3.7023026 -8.9093471 -6.1625815
H 2.1231145 -8.6188811 -5.4752433
H 3.5373125 -7.7452027 -4.8144256
H -4.4097318 -13.4249342 -1.8511046
C -3.5272382 -12.8939265 -2.2540128
H -3.7217190 -12.6842307 -3.3054196
H -3.4379947 -11.9502077 -1.7289709
C -2.2418922 -13.6322273 -2.0571928
N -1.9756011 -14.9529227 -2.3904517
H -2.6172636 -15.6479136 -2.7682172
C -0.6721308 -15.2087712 -2.1451511
H -0.2064807 -16.1617327 -2.3288996
N -0.0865295 -14.1312187 -1.6546129
C -1.0499694 -13.1445088 -1.5934430
H -0.8277856 -12.1496481 -1.2474813
H 1.4244622 -5.9062597 0.8997087
C 1.1492561 -6.5129236 -0.0086527
H 0.1178430 -6.2616782 -0.2589042
S5
H 1.7812312 -6.1759923 -0.8296865
C 1.2907657 -8.0115876 0.1715992
C 0.3512792 -8.7642207 0.8847637
H -0.4953735 -8.2745762 1.3469410
C 0.4301581 -10.1509471 0.9667343
H -0.3321488 -10.6981209 1.5019631
C 1.4789524 -10.8258698 0.3523398
O 1.6084813 -12.2043201 0.3898805
H 1.1221771 -12.6362298 1.1285689
C 2.4230344 -10.0969255 -0.3621991
H 3.2522167 -10.6015832 -0.8342172
C 2.3157347 -8.7127414 -0.4634828
H 3.0410642 -8.1816046 -1.0654270
Cu 1.9201352 -13.8932447 -1.3863176
O 2.4054677 -16.3517470 -2.9653515
H 3.3213719 -16.5055427 -3.2704687
H 1.8414047 -16.8075971 -3.6148119
O 1.8907283 -15.7193701 -0.4180382
H 2.1277444 -16.2662146 -1.2071619
H 2.5963092 -15.8968140 0.2318445
62
Cu rest state reduced (2) TPSS-D3/def2-SV(P); Energy = -3169.55536959113
N 1.4328883 -12.7082474 -3.2515454
H 0.7319083 -12.0205958 -2.9336259
H 1.1515812 -12.9094947 -4.2297969
C 2.7261940 -11.9986101 -3.3844216
H 2.9549400 -11.5370357 -2.4139662
C 3.8459487 -13.0157944 -3.7181182
H 3.4380151 -13.7867688 -4.4009217
H 4.6588032 -12.5038450 -4.2562420
C 4.3952496 -13.6199268 -2.4626829
N 3.5685632 -14.1250680 -1.4665036
C 4.3453630 -14.4464923 -0.4343682
H 3.9868220 -14.8872121 0.4956464
N 5.6492993 -14.1735563 -0.7159515
C 6.8150436 -14.4349450 0.1260011
H 7.5929083 -13.6890057 -0.1084563
H 6.5337069 -14.3498068 1.1881248
S6
H 7.2100204 -15.4481902 -0.0669104
C 5.6911457 -13.6626125 -2.0036772
H 6.6203006 -13.3562638 -2.4680673
C 2.5615578 -10.9198416 -4.4550707
O 1.7682172 -11.1427047 -5.3915425
N 3.2501428 -9.7871601 -4.2565705
H 3.9410981 -9.7487307 -3.4949339
C 3.2519002 -8.7047124 -5.2241434
H 3.9135541 -8.9854414 -6.0732957
H 2.2295784 -8.6363843 -5.6457011
H 3.5628254 -7.7224961 -4.8221127
H -4.5555026 -13.6975505 -1.6755748
C -3.6161627 -13.1936036 -2.0189069
H -3.7390308 -12.9646059 -3.0953705
H -3.5133900 -12.2344691 -1.4884326
C -2.3749449 -13.9917710 -1.7503977
N -2.1692212 -15.3378474 -2.0467158
H -2.8469211 -16.0053602 -2.4403218
C -0.8582510 -15.6371021 -1.8043312
H -0.4130811 -16.6223872 -1.9514143
N -0.2071466 -14.5522563 -1.3799650
C -1.1437551 -13.5347675 -1.3118451
H -0.8615170 -12.5251859 -1.0060139
H 1.3586912 -5.7593696 0.9371826
C 1.0253454 -6.3440132 0.0255141
H -0.0427671 -6.1065680 -0.1421606
H 1.5965481 -5.9638653 -0.8411434
C 1.2357409 -7.8397751 0.1549889
C 0.3665541 -8.6689405 0.8928506
H -0.4948764 -8.2352817 1.4153946
C 0.5378026 -10.0618870 0.9282435
H -0.1774408 -10.6889516 1.4715192
C 1.6064249 -10.6620027 0.2340041
O 1.8249109 -12.0109706 0.1888835
H 1.3243256 -12.5044672 0.9070817
C 2.4886551 -9.8397271 -0.4885468
H 3.3355785 -10.2880100 -1.0130155
C 2.2944581 -8.4576995 -0.5370363
H 2.9766328 -7.8540871 -1.1463688
Cu 1.6549335 -14.2350920 -1.8584410
S7
O 2.0446641 -16.2925320 -2.7686810
H 3.0079258 -16.4153668 -2.9675865
H 1.5734948 -16.6330198 -3.5701773
O 1.6762460 -15.9390215 0.6340391
H 2.0740836 -16.7185720 0.1791626
H 1.6389558 -15.2448171 -0.0812378
62
Cu rest state reduced (2) TPSS-D3/def2-TZVPD; Energy = -3171.41970542255
N 1.4518795 -12.5569806 -2.9969150
H 0.8607263 -11.8274967 -2.5896404
H 1.0422381 -12.7242411 -3.9250836
C 2.7726429 -11.9500008 -3.2856179
H 3.1374917 -11.4840643 -2.3717127
C 3.7731071 -13.0516406 -3.6960948
H 3.2593557 -13.7876408 -4.3248501
H 4.5738377 -12.6124055 -4.2927782
C 4.3576620 -13.6663061 -2.4701628
N 3.5646664 -14.1310903 -1.4247010
C 4.3834155 -14.4374027 -0.4220919
H 4.0799152 -14.8472948 0.5269126
N 5.6699471 -14.1966834 -0.7712198
C 6.8679691 -14.4587173 0.0256963
H 7.6246017 -13.7172847 -0.2351302
H 6.6262530 -14.3792375 1.0856859
H 7.2484562 -15.4600022 -0.1878463
C 5.6634839 -13.7215611 -2.0696781
H 6.5709013 -13.4459098 -2.5731564
C 2.5638067 -10.9016727 -4.3638365
O 1.7223518 -11.1477620 -5.2550700
N 3.2500574 -9.7721754 -4.2148003
H 3.9654622 -9.7312474 -3.4875188
C 3.1819819 -8.6787669 -5.1650009
H 3.7657196 -8.9556661 -6.0552791
H 2.1416995 -8.5958663 -5.5010710
H 3.5281885 -7.7220326 -4.7742921
H -4.5747623 -13.7484169 -1.6633652
C -3.6406902 -13.2497299 -1.9974077
H -3.7611716 -13.0137305 -3.0591930
S8
H -3.5312648 -12.3083662 -1.4607505
C -2.4013138 -14.0500459 -1.7412383
N -2.1649674 -15.3727630 -2.1039470
H -2.8318568 -16.0464690 -2.4862243
C -0.8469450 -15.6459971 -1.9067516
H -0.3915412 -16.6055572 -2.0972774
N -0.2166899 -14.5695401 -1.4438190
C -1.1793540 -13.5812843 -1.3154943
H -0.9215834 -12.5846469 -0.9885996
H 1.3568830 -5.6369782 0.9889980
C 1.0243375 -6.2080773 0.0763648
H -0.0303502 -5.9677253 -0.0893832
H 1.5980606 -5.8317480 -0.7739382
C 1.2295656 -7.7013632 0.2000385
C 0.3695917 -8.5288237 0.9351793
H -0.4844098 -8.1052159 1.4562099
C 0.5498539 -9.9129543 0.9756184
H -0.1527960 -10.5348601 1.5206410
C 1.6138802 -10.5008618 0.2819418
O 1.8648273 -11.8489014 0.2621185
H 1.3427628 -12.3508604 0.9421264
C 2.4756091 -9.6849037 -0.4548784
H 3.3083998 -10.1236831 -0.9893340
C 2.2774881 -8.3104105 -0.4985934
H 2.9415331 -7.7073426 -1.1104894
Cu 1.6578409 -14.1794392 -1.6988879
O 2.1370433 -16.2606540 -3.0642606
H 3.0776232 -16.4187776 -3.2909918
H 1.6326875 -16.6454516 -3.8079749
O 1.5269784 -16.1658296 0.5911254
H 1.9566883 -16.9961598 0.3109866
H 1.6589284 -15.5422320 -0.1688133
62
Cu rest state reduced (2) TPSS-D3/def2-TZVPD; Energy = -3170.34397636151
N 1.4708637 -12.4326396 -2.8815355
H 0.9456715 -11.6711615 -2.4585312
H 0.9935351 -12.6213425 -3.7633421
C 2.7982070 -11.9179739 -3.2598095
S9
H 3.2340818 -11.4310086 -2.3941742
C 3.7349321 -13.0689797 -3.6682557
H 3.1754690 -13.8031181 -4.2518882
H 4.5222045 -12.6805681 -4.3106601
C 4.3540296 -13.6723701 -2.4563042
N 3.6027771 -14.1150043 -1.3796618
C 4.4514772 -14.4241666 -0.4141507
H 4.1831797 -14.8216650 0.5473403
N 5.7205025 -14.2062311 -0.8125122
C 6.9335608 -14.4729950 -0.0572214
H 7.6672095 -13.7017988 -0.2829337
H 6.7120015 -14.4586182 1.0069928
H 7.3419802 -15.4467468 -0.3256245
C 5.6702621 -13.7422949 -2.1091617
H 6.5563505 -13.4841573 -2.6524436
C 2.5964479 -10.9035107 -4.3655173
O 1.7749867 -11.1739569 -5.2548624
N 3.2653034 -9.7697069 -4.2289972
H 3.9656217 -9.7068853 -3.4963080
C 3.1856564 -8.6847460 -5.1767736
H 3.7610350 -8.9517956 -6.0707782
H 2.1476322 -8.5941613 -5.5062683
H 3.5307026 -7.7303593 -4.7852764
H -4.5758060 -13.7376462 -1.6635746
C -3.6470176 -13.2375324 -1.9960264
H -3.7634324 -13.0119425 -3.0572932
H -3.5507065 -12.2917264 -1.4713370
C -2.4051079 -14.0196428 -1.7242465
N -2.1387552 -15.3287045 -2.0981301
H -2.7837370 -16.0050419 -2.5004010
C -0.8285610 -15.5821493 -1.8636702
H -0.3473168 -16.5244720 -2.0634168
N -0.2390669 -14.5136736 -1.3611218
C -1.2104570 -13.5418764 -1.2536498
H -0.9776617 -12.5475600 -0.9122775
H 1.3576557 -5.6551697 0.9824832
C 1.0254330 -6.2272018 0.0752913
H -0.0254762 -5.9863125 -0.0909321
H 1.5945670 -5.8525749 -0.7742669
C 1.2259325 -7.7177255 0.2018967
S10
C 0.3607101 -8.5346011 0.9333392
H -0.4913716 -8.1044462 1.4441411
C 0.5346669 -9.9146355 0.9854436
H -0.1693378 -10.5271767 1.5318353
C 1.5968619 -10.5105193 0.3066924
O 1.8391345 -11.8521401 0.3049413
H 1.3271570 -12.3503024 0.9850050
C 2.4628765 -9.7052672 -0.4273166
H 3.2946912 -10.1496269 -0.9502676
C 2.2719703 -8.3343070 -0.4831205
H 2.9414129 -7.7417936 -1.0930135
Cu 1.6655518 -14.0703809 -1.5564497
O 2.1274421 -16.3191042 -3.0521886
H 3.0660733 -16.4608818 -3.2693130
H 1.6361888 -16.7084277 -3.7936244
O 1.5312333 -16.1941692 0.6161967
H 1.9599465 -17.0251701 0.3576143
H 1.7124455 -15.5711483 -0.1129353
67
Cu-O2 equatorial (3eq, triplet) TPSS-D3/def2-SV(P); Energy = -3396.13661038825
N 1.7007705 -12.6433672 -2.8683847
H 1.1836240 -11.8938933 -2.3839948
H 1.1492279 -12.8485644 -3.7207687
C 2.9786489 -12.0763589 -3.3605922
H 3.4827434 -11.5848783 -2.5162722
C 3.8875948 -13.2282612 -3.8415739
H 3.2785008 -13.9765587 -4.3821671
H 4.6552776 -12.8383695 -4.5271160
C 4.5605421 -13.8167130 -2.6413828
N 3.8524187 -14.1444962 -1.4924969
C 4.7436810 -14.4521915 -0.5556645
H 4.4936948 -14.7891798 0.4496232
N 6.0069615 -14.3432953 -1.0443662
C 7.2420927 -14.5951785 -0.3084346
H 6.9882058 -14.8239505 0.7382713
H 7.7795591 -15.4520205 -0.7525853
H 7.8865751 -13.6999910 -0.3456226
C 5.9027305 -13.9534082 -2.3712017
S11
H 6.7689334 -13.7924870 -3.0029562
C 2.6568600 -11.0404168 -4.4378752
O 1.8400103 -11.3384675 -5.3348510
N 3.2471761 -9.8486660 -4.2628594
H 3.9620344 -9.7585379 -3.5284265
C 3.1128871 -8.7479874 -5.2013115
H 3.6574709 -9.0120348 -6.1334774
H 2.0449455 -8.6634808 -5.4863709
H 3.4828094 -7.7788291 -4.8120308
H -4.5723344 -13.6773710 -1.7156372
C -3.6422834 -13.1605682 -2.0685760
H -3.8019560 -12.8980538 -3.1320039
H -3.5313544 -12.2184338 -1.5100575
C -2.3787376 -13.9452966 -1.8751598
N -2.1523539 -15.2750258 -2.2263006
H -2.8342998 -15.9556849 -2.5902978
C -0.8256926 -15.5436636 -2.0631299
H -0.3599457 -16.5072488 -2.2792422
N -0.1917021 -14.4649972 -1.6201062
C -1.1364797 -13.4722172 -1.4848548
H -0.8684039 -12.4682275 -1.1491315
H 1.3950420 -5.9061874 0.8936972
C 1.0829529 -6.5172181 -0.0137264
H 0.0285904 -6.2571839 -0.2293073
H 1.6946807 -6.1772155 -0.8697880
C 1.2318614 -8.0204125 0.1625667
C 0.3116770 -8.7837175 0.9114901
H -0.5341229 -8.2912715 1.4057471
C 0.4027490 -10.1823641 0.9927619
H -0.3533135 -10.7448761 1.5490218
C 1.4419991 -10.8663802 0.3337777
O 1.5887567 -12.2288342 0.3353298
H 1.0787942 -12.6896138 1.0638553
C 2.3671261 -10.1142866 -0.4134827
H 3.1808220 -10.6302743 -0.9280549
C 2.2539394 -8.7223464 -0.5067804
H 2.9714709 -8.1814148 -1.1344250
Cu 1.8597739 -14.3169076 -1.5680620
O 2.1484722 -15.9351211 -3.1560198
H 1.6097458 -16.4088625 -3.8518120
S12
H 3.0763948 -16.2839830 -3.2639058
O 1.5978302 -15.5067202 0.0702032
O 2.4634644 -15.5289418 1.0109570
O 4.6922212 -17.0618950 -3.7556133
H 4.6975179 -18.0236447 -3.9908020
H 5.3219010 -16.6009761 -4.3667176
O 0.8900076 -17.4296478 -5.1437811
H 1.2970555 -16.9244916 -5.9090157
H 1.5105032 -18.2190472 -5.1021909
67
Cu-O2 equatorial (3eq, singlet) TPSS-D3/def2-SV(P); Energy = -3396.13133136967
N 1.7088648 -12.6449968 -2.8626468
H 1.1903767 -11.8951750 -2.3800318
H 1.1558736 -12.8575560 -3.7123056
C 2.9843968 -12.0769212 -3.3595311
H 3.4903538 -11.5838995 -2.5171022
C 3.8920182 -13.2289412 -3.8413914
H 3.2827134 -13.9757137 -4.3838457
H 4.6618467 -12.8389923 -4.5244036
C 4.5597575 -13.8185190 -2.6390754
N 3.8477233 -14.1415270 -1.4914140
C 4.7344360 -14.4495133 -0.5501007
H 4.4763551 -14.7848870 0.4536894
N 5.9992544 -14.3446247 -1.0354283
C 7.2322554 -14.5967996 -0.2959230
H 6.9761213 -14.8168505 0.7520689
H 7.7662957 -15.4592286 -0.7333086
H 7.8805569 -13.7046498 -0.3392377
C 5.9004996 -13.9578359 -2.3637262
H 6.7693678 -13.8001876 -2.9926575
C 2.6568342 -11.0415058 -4.4361497
O 1.8372479 -11.3407169 -5.3300430
N 3.2467841 -9.8493549 -4.2626058
H 3.9629786 -9.7587974 -3.5294793
C 3.1097394 -8.7482103 -5.2002675
H 3.6520632 -9.0120412 -6.1337293
H 2.0410906 -8.6637353 -5.4826237
H 3.4808418 -7.7792043 -4.8113483
S13
H -4.5777281 -13.6712864 -1.7175846
C -3.6498401 -13.1524451 -2.0722913
H -3.8117058 -12.8910047 -3.1356231
H -3.5401676 -12.2097153 -1.5144793
C -2.3837375 -13.9331839 -1.8805962
N -2.1541319 -15.2638287 -2.2262399
H -2.8349083 -15.9482670 -2.5854451
C -0.8260286 -15.5271876 -2.0680123
H -0.3572291 -16.4899707 -2.2809204
N -0.1947597 -14.4437572 -1.6330095
C -1.1417383 -13.4535675 -1.4979860
H -0.8765445 -12.4470963 -1.1673756
H 1.3952849 -5.9062846 0.8946185
C 1.0835396 -6.5175403 -0.0127128
H 0.0291757 -6.2577171 -0.2285224
H 1.6953061 -6.1774219 -0.8686860
C 1.2324153 -8.0208749 0.1630204
C 0.3123986 -8.7847064 0.9118316
H -0.5326021 -8.2923760 1.4075497
C 0.4022401 -10.1835937 0.9904533
H -0.3536981 -10.7465787 1.5463477
C 1.4402058 -10.8674254 0.3291665
O 1.5844193 -12.2304023 0.3271156
H 1.0779348 -12.6920657 1.0583070
C 2.3658313 -10.1148098 -0.4167962
H 3.1795899 -10.6303579 -0.9318175
C 2.2536360 -8.7225584 -0.5078098
H 2.9713861 -8.1812646 -1.1348904
Cu 1.8554807 -14.3053392 -1.5564475
O 2.1389069 -15.9216504 -3.1610148
H 1.6025475 -16.4022337 -3.8540083
H 3.0644918 -16.2800796 -3.2564789
O 1.5770060 -15.4987914 0.0595792
O 2.4490604 -15.5235304 1.0044469
O 4.6784461 -17.0714768 -3.7368749
H 4.6830716 -18.0366313 -3.9611390
H 5.3053033 -16.6173425 -4.3548978
O 0.8877767 -17.4295845 -5.1431306
H 1.2956457 -16.9259014 -5.9089482
H 1.5080400 -18.2189032 -5.0991837
S14
67
Cu-O2 axial (3ax, triplet) TPSS-D3/def2-SV(P); Energy = -3396.11491775603
N 1.6940975 -12.6065113 -2.8633083
H 1.1433963 -11.8724424 -2.3912019
H 1.1627909 -12.8442186 -3.7227335
C 2.9642751 -12.0059055 -3.3428779
H 3.4449897 -11.5050762 -2.4926902
C 3.9144503 -13.1128415 -3.8357588
H 3.3452455 -13.8703848 -4.4069523
H 4.6684192 -12.6785908 -4.5099061
C 4.6004313 -13.6947074 -2.6399849
N 3.9119219 -13.9340145 -1.4576591
C 4.8183611 -14.2843842 -0.5455871
H 4.6187964 -14.5622216 0.4881816
N 6.0655892 -14.2770140 -1.0816113
C 7.3130373 -14.5723320 -0.3818129
H 7.9977716 -13.7131638 -0.4733905
H 7.0866257 -14.7503389 0.6801217
H 7.7830222 -15.4703691 -0.8191733
C 5.9381326 -13.9176093 -2.4118843
H 6.7886781 -13.8398074 -3.0796141
C 2.6105148 -10.9675085 -4.4089352
O 1.7443589 -11.2463614 -5.2596437
N 3.2526410 -9.8001379 -4.2651050
H 3.9909794 -9.7274749 -3.5522497
C 3.1191919 -8.7006339 -5.2030646
H 3.6650849 -8.9639123 -6.1345399
H 2.0515764 -8.6172916 -5.4867402
H 3.4899073 -7.7368223 -4.8084877
H -4.5880530 -13.6353380 -1.7251188
C -3.6533466 -13.1272413 -2.0783920
H -3.7945290 -12.8923559 -3.1508462
H -3.5500183 -12.1720387 -1.5418968
C -2.3911869 -13.9033221 -1.8428769
N -2.1235701 -15.2153752 -2.2300753
H -2.7814160 -15.9039600 -2.6253846
C -0.8027703 -15.4714383 -2.0172289
H -0.3229865 -16.4139872 -2.2986043
S15
N -0.2062076 -14.3988518 -1.4964007
C -1.1763799 -13.4267024 -1.3756615
H -0.9404838 -12.4263324 -1.0052743
H 1.4034838 -5.9465617 0.8785721
C 1.1012789 -6.5543855 -0.0331333
H 0.0467651 -6.3011655 -0.2557348
H 1.7169025 -6.2090998 -0.8841852
C 1.2581994 -8.0573834 0.1425126
C 0.3309961 -8.8304687 0.8732219
H -0.5260146 -8.3461375 1.3555877
C 0.4256032 -10.2300045 0.9434469
H -0.3399526 -10.7984553 1.4814311
C 1.4828540 -10.9006094 0.3023898
O 1.6343530 -12.2693742 0.2975456
H 1.1194223 -12.7307350 1.0198805
C 2.4219864 -10.1397806 -0.4143513
H 3.2557135 -10.6449766 -0.9057627
C 2.2981041 -8.7485657 -0.5087086
H 3.0230385 -8.2001534 -1.1208334
Cu 1.8899788 -14.1936669 -1.6214545
O 1.9570701 -15.5232190 -3.4813754
O 2.6195348 -16.6118015 -3.1664838
O 2.0067773 -16.0247207 -0.7524669
H 2.3502612 -16.5171439 -1.5954371
H 2.7171422 -16.1704336 -0.0767886
O 5.2015759 -16.8746941 -4.1290623
H 4.2143237 -16.8101716 -4.1500715
H 5.5599016 -16.0494176 -4.5410154
O 0.2951099 -17.7450436 -4.4717737
H 0.6637319 -16.8493840 -4.6308094
H 1.0808333 -18.3268346 -4.6823068
67
Cu-O2 axial (3ax, singlet) TPSS-D3/def2-SV(P); Energy = -3396.11317807983
N 1.7024507 -12.5829958 -2.8427256
H 1.1707988 -11.8401055 -2.3627180
H 1.1509227 -12.8233869 -3.6882976
C 2.9714341 -12.0042025 -3.3501267
H 3.4740380 -11.5037477 -2.5123374
S16
C 3.8968941 -13.1282102 -3.8525051
H 3.3089461 -13.8827567 -4.4086343
H 4.6499105 -12.7093016 -4.5371024
C 4.5839807 -13.7077900 -2.6572744
N 3.8919664 -13.9392177 -1.4758240
C 4.7936757 -14.2805770 -0.5547894
H 4.5885178 -14.5490728 0.4802773
N 6.0418872 -14.2740989 -1.0858023
C 7.2871132 -14.5653191 -0.3790519
H 7.9729436 -13.7078451 -0.4760948
H 7.0571858 -14.7349926 0.6834589
H 7.7557096 -15.4679641 -0.8082360
C 5.9208458 -13.9254274 -2.4197765
H 6.7757101 -13.8494561 -3.0824062
C 2.6092493 -10.9661421 -4.4147146
O 1.7366200 -11.2443017 -5.2582528
N 3.2523825 -9.7992478 -4.2725881
H 3.9945226 -9.7274469 -3.5637311
C 3.1121403 -8.6970704 -5.2065219
H 3.6520275 -8.9582012 -6.1419246
H 2.0427791 -8.6125665 -5.4828957
H 3.4861151 -7.7350068 -4.8112176
H -4.5758120 -13.6329706 -1.7315994
C -3.6419431 -13.1242917 -2.0864616
H -3.7869488 -12.8870029 -3.1578455
H -3.5379260 -12.1701848 -1.5482170
C -2.3759659 -13.8975038 -1.8599154
N -2.1038488 -15.2075720 -2.2522761
H -2.7614164 -15.8995328 -2.6424881
C -0.7798795 -15.4570950 -2.0571310
H -0.2948226 -16.3944697 -2.3483943
N -0.1861961 -14.3802525 -1.5403916
C -1.1598643 -13.4134570 -1.4051970
H -0.9262752 -12.4127741 -1.0349207
H 1.4039423 -5.9506090 0.8786913
C 1.1053719 -6.5591395 -0.0340986
H 0.0518744 -6.3058991 -0.2608790
H 1.7243545 -6.2139277 -0.8827098
C 1.2607746 -8.0625593 0.1413929
C 0.3325400 -8.8336695 0.8730080
S17
H -0.5230792 -8.3473715 1.3558990
C 0.4235392 -10.2332641 0.9434552
H -0.3427037 -10.7993698 1.4827058
C 1.4784504 -10.9064034 0.3015521
O 1.6270358 -12.2761939 0.2987845
H 1.1131255 -12.7354944 1.0235520
C 2.4174866 -10.1486160 -0.4182702
H 3.2488266 -10.6560209 -0.9113745
C 2.2973192 -8.7566823 -0.5122888
H 3.0226638 -8.2106496 -1.1259398
Cu 1.8839562 -14.1802743 -1.6113987
O 1.9503273 -15.5367051 -3.4683668
O 2.6353234 -16.6107314 -3.0957906
O 1.9953411 -15.9912486 -0.7324323
H 2.3523319 -16.4740941 -1.6007062
H 2.7103487 -16.1353843 -0.0620936
O 5.1784831 -16.8866702 -4.0964297
H 4.1877368 -16.8345089 -4.0687747
H 5.5054051 -16.0519758 -4.5112287
O 0.3167217 -17.7108721 -4.4697019
H 0.7163750 -16.8190351 -4.5794306
H 1.0932734 -18.3055261 -4.6778677
2 Molecular orbital plots
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Figure S1: Selected molecular orbitals for 3eq. Orbitals marked with (L) are mainly cen-
tered on the ligands and are not shown.
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Figure S2: Selected molecular orbitals for 3ax. Orbitals marked with (L) are mainly cen-
tered on the ligands and are not shown.
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